Introduction
Control of cytosolic free calcium concentration is vital for a large number of cellular processes. Calcium concentration in cytosol is ~50 -100 nM while in various cellular compartments the concentration is ~2 orders higher than that in cytosol. It is clear that cytosolic calcium concentration is maintained or changed depending on calcium fluxes into (passive) or out of (active) cytosol (see, e.g. [1, 2] ). Calcium flux out of the stores into cytosol is controlled by various physiological agonists. The action of the agonists causes changes in permeability of endomembranes for calcium ions. While the immediate result of action of the agonists is (bio)chemical, calcium fluxes are physical processes. The system of the fluxes and concentrations together with the mechanisms involved in control of those fluxes, therefore, has to be considered as a physical system. Concerning the biochemical pathways and mechanisms of calcium influx into and its elimination from platelet cytosol, a large volume of experiments has been performed up to date (see e.g. [3] [4] [5] ). As a by-product of biochemical and physiological studies, these investigations provide valuable data related to the dynamics of the fluxes.
Information concerning the activities of PMCA [4] ), the SERCAs [6] in platelets whose SERCAs are inhibited during the experiments, is rather detailed. It is less definite when platelets are stimulated by the agonists. Experimental investigation by Redondo and co-workers [7] provides information concerning the effect of thrombin; the time course of calcium content in the stores presented in the paper [7] , however, cannot be considered accurate. In view of overwhelming complexity of the pathways of calcium fluxes in cells (see, e.g. [1] ) and the variety of mechanisms involved [2] , it is clear that any insight into the dynamics of calcium fluxes in platelets (and the mechanisms responsible for the fluxes) is not possible without application of adequate methods of data analysis (including mathematical modeling); reasonable simplification of real biological systems is necessary, however, to make modeling feasible and practicable.
The aim of this work, therefore, was to analyze the experimental data concerning cytosolic calcium concentration in platelets suspended in calcium-free medium and treated with a low concentration of a physiological agonist thrombin [7] in view of better understanding of the mechanisms involved in the maintenance and control http://ccaasmag.org/BIO of cytosolic calcium concentration. The known models concerning calcium fluxes were modified here to take into account various factors related to the mechanisms in question.
Methods
Standard software was used. The curves taken from PDF files were digitized with UN-SCAN-IT. Simple Visual Basic macro functions for Microsoft Excel [8] were used to numerically solve differential equations.
Results and Discussion
Experimental data of time-course of calcium concentration in cytosol of platelets suspended in calcium-free medium and stimulated by low concentration of thrombin were taken from the paper by Redondo and co-workers [7] . The data corresponding to the 4 possible combinations of states of SERCA2b and SERCA3 (active or inhibited) together with the models are presented in Fig. 1 . The modeling is based on widely accepted assumptions concerning the mechanisms leading to the above time-course; it is aimed to elucidate, if possible, the details of the above mechanisms. It should be noted that the time-course of the concentration does not reflect those of calcium fluxes directly, but via integration of the latter [9, 10] , making any inference concerning the fluxes less accurate than the primary data.
It is clear that cytosolic calcium concentration of platelets contained in calcium-free medium at any moment is the result of several calcium fluxes: its influx from calcium stores because of leakage via the endomembrane and (if stimulated) due to passage of the ions via the channels in the membrane and its extrusion by PMCA as well as calcium re-uptake back into the stores by SERCAs (see Fig. 2 ). It should be noted that the arithmetical operations of addition and subtraction are applicable to the fluxes rather than to concentrations as sometimes is assumed [4, 11] . For simplicity, the rates of rise and decline in PMCA activity are supposed to be identical [9, 10] , the corresponding equation being presented in the quoted papers.
It can be seen from Fig. 1 that the rise in the concentration resulting from stimulation by thrombin follows a quite clear lag. The lag, presumably, is related to that of rise in the permeability for calcium ions of the endomembranes. The additional (to the leakage) permeability caused by thrombin can be assumed to be pulse-like:
where  is as defined in Table 1 . It is clear that Eq. (1) is applicable (with corresponding parameters) to the endomembranes of the stores of both types. The rise and decline of the pulse depend on the properties of both thrombin and the pathway of stimulation of the change (thrombin degradation and stimulation and desensitization of the corresponding pathway). The parameter of the pulse is its mean duration (1/), the power of  (= 4) is arbitrary, that of t is lower by 1, the multiplier in the exponential term (= 4) is the same as the power of  (manuscript in preparation).
To model the time-course of cytosolic calcium concentration resulting from store discharge, the SERCAs being inhibited, System (6) presented in [12] can be used. Neither calcium contents in the stores nor parameters characterizing the leakage from the stores of both types being known nor being possible to estimate from the data presented by Redondo and coworkers [7] , the (relative) volumes of the stores unknown, it remained to take the lacking parameters arbitrarily (the volumes), or from other paper [6] ; that may lead to inaccuracies: the conditions of the experiments as well as platelet preparations nominally being the same, may differ considerably, leading to the differences in the parameters. The results of modeling are presented in Fig. 1A which seem quite acceptable.
When SERCAs are not inhibited, it is necessary to take into account their activity. It is clear that it depends on the difference between the initial and current calcium concentrations in the stores, i.e.
where  and C 0 are as defined in Table 1 . Eq. (2) is valid (with corresponding parameters) for the both SERCAs. Lowering calcium concentration in the stores (reducing term C in the above equation) corresponds to unbinding calcium ion(s) from the binding site(s) of the SERCA (macro)molecule facing the stores; that causes increase in the activity of SERCA. Expression (2), presumably, can be non-linear, parameter  depending on calcium concentration in the stores. Taking into account possible non-linearity, however, is bound to introducing more arbitrary parameters, and that does not seem to make sense.
Using Eqs. (1) and (2) and modifying System (6) from [12] for one of SERCAs inhibited, the other being active, leads to http://ccaasmag.org/BIO Fig.1 . Dynamics of calcium concentration in cytosol of platelets and those in calcium stores resulting from stimulation by thrombin (0.01 U/mL). A, both SERCAs inhibited. B, SERCA2b inhibited, SERCA3 active. C, SERCA2b active, SERCA3 inhibited. D, both SERCAs active. The data of four to six experiments are taken from [7] . Fig.2 . Schematic representation of a platelet contained in calcium-free medium, calcium stores, pathways and mechanisms of calcium fluxes. Only the pathways and mechanisms considered relevant are depicted here. Dots on the arrows" tails are intended to symbolize the "handling" of calcium ions one by one by the ATPases, the dotless arrows symbolizing the passive leakage or stimulated flow of the ions from the stores; "Thrombin" means stimulated permeability of membranes of the stores, "2b", SERCA2b, "3", SERCA3. 
where , , , ,  and E PMCA are as defined in Table 1 .
Solutions of the above system (SERCA2b inhibited, SERCA3 active) together with experimental data are presented in Fig. 1B , its parameters being presented in Table 1 . The results of the modeling seem quite acceptable. (3) together with experimental data are presented in Figs. 1C and D, the parameters being presented in Table 1 . Quite unexpectedly, the discharge of DTS in Figs. 1C and D is hardly noticeable, while that of the acidic stores is pronounced. It should be noted that thrombin concentration used (0.01 U/mL [7] ), presumably, can be considered to be physiological or close to it, while the model compatible with the data and based on reasonable assumptions suggests that under these conditions mainly the acidic stores rather than DTS are affected, the discharge of the former being pronounced while that of DTS is hardly noticeable (Figs. 1C and D) . It follows, therefore, that under physiological conditions the acidic stores rather than DTS play the major role in thrombin-stimulated calcium influx into cytosol from the stores, the role of DTS being negligible. The difference arises, presumably, both from the difference in the permeabilities of the endomembranes of the stores and that of the activities of SERCA2b and SERCA3. The finding of the roles of DTS and acidic stores seems to be quite unexpected. (The discharge of DTS being negligible, the estimate of the duration of the pulse of increase in the endomembrane permeability, or parameter , cannot be considered accurate.)
Solutions of the remaining 2 variants of System
By the end of experiments (Fig. 1D) calcium influx from the stores has to be low enough to keep cytosolic calcium concentration low. There is almost no calcium influx from the acidic stores by that time, the pulse of calcium efflux from these stores being short because of high activity of SERCA3. The activity of SERCA2b being rather low, the duration of calcium efflux from DTS is rather long. The duration of the efflux could be shortened by increasing calcium re-uptake back into the stores by SERCA2b (i.e. making expression (2) non-linear); that is inevitably bound up, as mentioned above, to introducing more arbitrary parameters. Of course it should be kept in mind that the dynamics of calcium concentration in the stores presented in Fig. 1 might slightly differ (because of arbitrary parameters of the models) resulting in almost identical (possible differences being non-detectable) dynamics of cytosolic calcium concentration. Nonetheless, the dynamics of calcium content in the stores of both types differ considerably from those presented in the quoted paper by Redondo and co-workers [7] . Serious errors in this paper make some graphs and the authors' conclusions incorrect, and experimental data have to be reinterpreted.
The following points concerning the article by Redondo and co-workers [7] have to be noted:
1. The fundamental difference between calcium quantity or concentration (observed experimentally, an essentially non-temporal value) and its fluxes (not observable directly, resulting from the activity of (molecular) mechanisms, essentially temporal values) has been ignored throughout.
2. Calcium extrusion by PMCA has not been taken into account when analyzing thrombin-stimulated increase in cytosolic calcium concentration.
3. The immediate use by the authors of integration to evaluate calcium entry or its amount in the stores is erroneous, because the integration over time results in a quantity whose dimension is [Concentration]  [Time] (e. g., nM  s) and cannot be interpreted as just concentration (appropriate to characterize the content); division of the integral by the interval of integration [13] results in the temporal average. figure (Figs. 1F -4F ) presented to characterize Ca 2+ remaining in the stores (nM.s) [7] cannot characterize calcium content in the stores of both types, their properties being different (see [6] ).
A single graph in each
Analysis of experimental data does not suggest immediate involvement of SERCAs in regulation of SOCE.
Investigation of the dynamics of calcium concentration in the stores of any type separately (the stores of the other type being pre-discharged, see [6] ) in combination with the experiments enabling to take into account calcium extrusion by PMCA [14] would provide more valuable information. It could be seen, e.g., whether thrombin-stimulated discharge of DTS is less pronounced than that of the acidic stores.
The points raised above concern the interpretation of experimental data which provide valuable information on calcium fluxes in the cells. Although variation rather than similarity of the properties of the cells (and corresponding parameters) in different experiments are expected, those properties, as follows from the analysis, are rather similar. Indeed, as seen from Table 1 , most estimates of a parameter (except for efficacy of PMC) are almost the same for all 4 experiments.
Conclusions
Analysis of the pathways and mechanisms controlling calcium fluxes and modeling the thrombin-stimulated discharge of calcium stores in human platelets can be summarized as follows:
1. The fundamental difference between calcium quantity (essentially non-temporal value) and its fluxes (essentially temporal values) cannot be ignored.
2. Calcium extrusion by PMCA has to be taken into account when investigating any change in cytosolic calcium concentration.
3. It should be kept in mind that integration of any function over time leads to change of the dimension making it different from that of the original function.
4. Under conditions of the experiments [7] thrombinstimulated discharge of DTS is negligible in comparison with that of the acidic stores.
5. There is good reason to believe that SERCA is activated by unbinding calcium ion(s) from the binding site(s) located on the inner (stores-facing) side of the (macro)molecule. a Relative volumes of DTS (  V DTS /V cytosol ) and acidic stores (  V acidic /V cytosol ) were assumed to be 0.04 and 0.015 b Initial calcium concentration in DTS (C 0 ) was assumed to be 6.5 M c Initial calcium concentration in acidic stores was assumed to be 5.5 M d Relative rate of calcium ions leakage from DTS was taken from [6] ( = 0.2 min -1 ) e Relative rate of the leakage from the acidic stores was taken from [6] ( = 6 min -1 )
